Adverse events reported in the context of medication administration may be due to pharmacodynamic and/or nonpharmacodynamic effects (eg, nocebo phenomena). Neurophysiological substrates of side effects may be examined in placebo-controlled antidepressant treatment trials. We explored the relationship between side effects and regional neurophysiologic changes in normal subjects receiving a 1-week placebo lead-in followed by 4 weeks randomized treatment with placebo (n ¼ 15) or venlafaxine IR (n ¼ 17). Quantitative electroencephalographic (QEEG) cordance measures were obtained before and during treatment, and side effects were assessed weekly using semistructured interviews. Side effect burden, characterized as the mean number of side effects per postrandomization visit, correlated significantly with neurophysiologic changes in the antidepressant group but not the placebo group. Medication group side effects were negatively correlated with changes in prefrontal cordance at end of placebo lead-in (r ¼ À0.67, po0.003), at 2 weeks (r ¼ À0.77, po0.002), and at 4 weeks (r ¼ À0.77, po0.004) post randomization. After controlling for the prefrontal change at the end of placebo lead-in, postrandomization brain changes did not further explain side effect burden. Changes in prefrontal brain function associated with later antidepressant side effects were observed during placebo lead-inFprior to the administration of medication. Prefrontal brain function during brief placebo administration may help explain susceptibility to the development of antidepressant side effects. Results of these exploratory hypothesis-generating analyses should be considered tentative until replicated.
INTRODUCTION
Antidepressant medication side effects pose an important and widespread medical concern. Despite the development of medications with increasingly selective pharmacologic profiles, many patients suffer discomfort or terminate antidepressant treatment because of adverse effects. A recent survey in primary care found selective serotonin reuptake inhibitors (SSRIs) to be the class of drug most frequently involved in adverse drug events (Gandhi et al, 2003) . Antidepressant side effects are associated with decreased quality of life (Barge-Schaapveld and Nicolson, 2002) and are frequently cited as the reason for discontinuation of pharmacotherapy across medication classes (Anderson and Tomenson 1995; Montgomery and Kasper 1995; Montgomery et al, 1994) .
Adverse effects associated with administration of antidepressant medication may be determined by a multitude of pharmacodynamic and/or nonpharmacodynamic factors (Barsky et al, 2002) . Pharmacodynamic effects may be anticipated on the basis of receptor binding profiles. Recent evidence also suggests that some medication-specific side effects may be related to genetic polymorphisms governing drug metabolism (Yoshida et al, 2003; Lessard et al, 1999; Roberts et al, 2002) or receptor function (Greer et al, 2003) . However, nonpharmacodynamic factors, such as expectation alone, also can trigger distressing symptomsFan effect termed the 'nocebo' phenomenon (Kennedy 1961; Hahn 1997) . Patients' expectations of side effects may arise from a variety of sources including: information contained in the medication package insert, specific inquiries about side effects posed by the treating physician or nurse, informed word-of-mouth or internet-based sources, information provided in consent forms describing potential adverse effects in the clinical trial setting (Myers et al, 1987) , or classical conditioning effects of prior experience with medication. Given that medication and expectation may produce similar adverse effects and these factors can operate simultaneously, it is difficult to determine the 'cause' of side effects reported in the clinical setting.
One method to distinguish between side effects that are induced by pharmacodynamic vs nonpharmacodynamic factors may be to examine brain functional changes associated with side effects reported during treatment with antidepressant medication vs placebo. During treatment with placebo, side effects could arise only from nonpharmacodynamic factors, whereas during treatment with medication, side effects could be due to pharmacodynamic factors, nonpharmacodynamic factors, or their confluence. Other studies have compared brain functional changes associated with clinical response to antidepressant medication vs placebo in major depressive disorder (MDD) Mayberg et al, 2002) ; however, none has addressed the relationship between brain function and side effects during treatment with medication or placebo.
Administration of antidepressants to normal healthy subjects offers a particularly helpful paradigm for understanding neurophysiologic changes associated with antidepressant-related side effects. Because normal subjects have no current or past depression, nor exposure to antidepressants, administration of antidepressants to normal subjects makes it possible to examine the pharmacologic effects of medication without the confounds of illness or change in illness state. In patients with depressive disorders, for example, changes in brain function observed during treatment could be related to changes in depressive symptoms. Illness status also could introduce a confound in assessing antidepressant side effects because depressed subjects are more susceptible to a variety of somatic complaints including pain, gastrointestinal distress, and somatic anxiety symptoms such as palpitations (Ohayon and Schatzberg, 2003) . Another advantage to studying normal subjects is that the observed and reported effects of medication are not confounded by a therapeutic relationship, but instead are shaped more by the pharmacodynamic action of the medication as well as by subjects' general expectations about the medication effect. By examining normal subjects during blinded treatment with antidepressant vs placebo, it is possible to contrast neurophysiologic correlates of side effects that occur in the presence vs absence of drug without the confounds related to illness.
Here we sought to characterize neurophysiological changes associated with side effect burden experienced during treatment with antidepressant medication vs placebo in normal subjects. Data were obtained from a primary study from our laboratory using quantitative electroencephalographic (QEEG) cordance to examine brain function at various pre-and postrandomization time-points in subjects who received a 1-week placebo lead-in and then were randomized to venlafaxine IR or placebo.
SUBJECTS, MATERIALS, AND METHODS

Participants
Of 46 individuals screened for eligibility, we enrolled 32 healthy, never-depressed subjects (17 females; 15 males) with a mean age of 36.5 years (SD ¼ 13.2; range 18-64) and a mean education of 14.9 years (SD ¼ 1.9; range 12-18). Subjects were recruited from community advertisement and were paid for their participation. Screening consisted of a standard clinical evaluation, a structured clinical interview using the Structured Clinical Interview for Axis I DSM-IV DisordersFPatient Edition (SCID-I/P, version 2.0; First et al, 1994) , and Hamilton Depression Rating Scale (HAM-D; Hamilton, 1960) assessments. All subjects were free of any illness known to affect brain function or which contraindicated the use of venlafaxine; subjects with high blood pressure, heart disease, renal impairment, or cirrhosis of the liver were excluded from participation in the study. We excluded subjects meeting DSM-IV axis I criteria for a current or past mood, anxiety, cognitive, or psychotic disorder on the basis of the SCID-I/P interview, as well as those meeting criteria for cluster A or B axis II diagnoses by clinical interview. No subject ever had received antidepressant medication. Subjects were required to abstain from use of any primarily CNS-active medications including sedative-hypnotics, or other medications with significant CNS activity for ten days prior to entering the study and during the course of the study. Urine toxicology screens were performed to rule out use of psychoactive medications. Subjects were permitted to receive concomitant treatment with medications without significant CNS activity.
All subjects were treated in accordance with ethical standards set forth in the 1975 Declaration of Helsinki. Experimental procedures were explained fully to the subjects and written informed consent was obtained prior to their inclusion in the study. The consent form listed possible side effects as indicated on the manufacturer's package insert. The UCLA Institutional Review Board approved all experimental procedures.
Experimental Design and Procedures
All subjects underwent a 1-week single-blind placebo leadin before randomization to 4 weeks of double-blind treatment with venlafaxine IR (n ¼ 17) or placebo (n ¼ 15). Subjects received one 37.5 mg capsule of venlafaxine or placebo, with an increase of 37.5 mg every 3 days (added on a b.i.d schedule) until a dose of 150 mg was reached 10 days after randomization. This dosage increase schedule was selected to be consistent with previous studies Cook et al, 2002) .
Study personnel met with subjects at seven time-points over the course of the study: baseline, end of 1-week placebo lead-in, 48 h after randomization, and 1, 2, 3, and 4 weeks after randomization. At each visit, a research nurse monitored health status and recorded treatment-emergent symptoms. EEG recordings were obtained at all visits except for week 3.
After data collection, we quantified side effect burden and evaluated the relationship between side effect burden and brain functional changes from baseline at all pre-and postrandomization EEG time-points in medication and placebo groups.
QEEG Techniques
EEG recordings were performed using the QND system (Neurodata, Inc., Pasadena, CA) while subjects rested in the eyes-closed, maximally alert state in a sound-attenuated room with subdued lighting, using procedures previously described in detail (Cook et al, 1998b Leuchter et al, 1992) . Electrodes were placed with an electrode cap (ElectroCap; Eaton, OH) using an extended International 10-20 System with 35 recording electrodes ( Figure 1 ; Cook et al, 1998b) . Eye movements were monitored with right infraorbital and left outer canthus electrodes. Data were collected using a Pz reference montage and were digitized at 256 samples/channel/s, with a high-frequency filter of 70 Hz and a low-frequency filter of 0.3 Hz. During recording, an EEG technologist who was blinded to treatment condition initially selected approximately 1 min of artifact-free data. Another technologist, blinded to subject identity and treatment condition, reviewed the data for eye movement, muscle, or other artifacts and made a final selection the first 20-32 s of artifact-free data for processing. This amount of data has been used to obtain reliable frequency spectra (Leuchter et al, 1992 Brenner et al, 1995) . Data were reformatted by amplitude subtraction to construct a linkedears reference. A fast Fourier transform was used to calculate absolute power (the intensity of energy in a frequency band in microvolts squared) in each of four frequency bands (4) (5) (6) (7) (8) (8) (9) (10) (11) (12) (12) (13) (14) (15) (16) (17) (18) (19) (20) .
Cordance Calculations
Cordance values were calculated for each electrode site in each of the four frequency bands from conventional QEEG absolute and relative power measures, in three steps that are described elsewhere in greater detail . First, EEG power values were computed using a reattributional electrode montage because that montage affords the highest correlation between EEG measures and PET measures of cerebral perfusion. Second, the absolute and relative power values for each electrode site s in each frequency band f in this recording were z-transformed to measure deviation from the mean values for that recording, yielding A norm(s,f) and R norm(s,f) respectively. Third, these z-scores were summed to yield a cordance 'intensity' value, Z, for each electrode in each frequency band where
. We limited our analysis to the theta frequency band (4-8 Hz) because previous work from this laboratory and others has indicated that energy in the theta band is associated most strongly with action of antidepressant medication (Cook et al, 1998a Cook and Leuchter 2001; Ulrich et al 1994) . We further limited the number of statistical comparisons by grouping individual electrodes into eight major brain regions: prefrontal (Fp1, Fpz, Fp2), frontocentral (AF1, AF2), central (FC1, Cz, FC2), left temporal (T3, T5), right temporal (T4, T6), left parietal (P3, CP1, CP5), right parietal (P4, CP2, CP6), and occipital (O1, O2, Oz) (see Table 1 and Figure 1) . Cordance values for electrodes in these groups were averaged together to obtain regional measures.
Side Effect Measures
A research nurse obtained side effect reports at each visit. Subjects were asked systematically about specific somatic complaints including gastrointestinal upset, cardiovascular disturbance, sleep disturbance, anxiety, and agitation (ie, items that were listed on the consent form as common side effects of venlafaxine IR). Somatic complaints were documented as described by each subject. We later assessed each symptom according to groupings in the Patient Rated Inventory of Side Effects (PRISE; developed for the NIMHfunded STAR-D protocol; Rush, 2001 ) and tallied the number of symptoms reported at each visit.
Side effect measures were quantified in two ways. First, we used the number of symptoms reported at each timepoint to assess treatment group differences over time. Second, we calculated overall side effect burden exactly once for each subject defined as the mean number of side effects reported per postrandomization visit. This measure enabled us to incorporate both the absolute number of side effects and the persistence of side effects over the trial. This Electrical activity from electrodes in each group was averaged to obtain brain regional cordance measures.
measure also allowed us to utilize data from subjects who dropped out prior to the end of the study.
Data Analysis
Treatment group differences in demographic variables were assessed using Fisher's exact for categorical data (gender), and t-tests for continuous variables (age, education). Group differences in baseline regional cordance were assessed using t-tests. We hypothesized that the medication group would report more side effects than the placebo group at every postrandomization visit and we tested the null hypothesis using a repeated measures analysis of variance (ANOVA) with treatment as the between-group factor (venlafaxine or placebo) and time as the within-group factor (48 h, 1 week, 2 weeks, 3 weeks, and 4 weeks). We hypothesized also that the medication group would report a greater number of side effects at every postrandomization visit as compared to end of placebo lead-in. Within-group differences in side effects between end of placebo lead-in and each postrandomization visit were evaluated for medication and placebo groups using dependent-samples t-tests (one-tailed). All available observations were used.
Change-from-baseline cordance values were calculated for eight brain regions at all EEG time-points: end of placebo lead-in, 48 h, and 1, 2, and 4 weeks after randomization. Pearson's correlation coefficients were used to assess relationships between regional changes in cordance and overall side effect burden (ie, the mean number of side effects per postrandomization visit) for all EEG time-points for medication and placebo groups. At each time-point we used a Bonferroni correction for multiple regional tests (ie, 0.05/8 regions) corrected to po0.006, two-tailed.
After testing regional changes at each time point, those changes found to be significantly associated with side effect burden were analyzed using linear regression with an alpha of po0.05. Regression analysis included only those subjects who completed the trial. Analyses were performed using SPSS software (SPSS, Inc. Chicago, IL).
RESULTS
All of the subjects who began randomized treatment in the placebo arm (n ¼ 15) completed the 5-week trial. In the medication group, four of the 17 subjects who began randomized treatment dropped out of the study prematurely due to adverse events. One subject dropped out after 48 h on drug and three subjects dropped out after the end of week 1 on drug. QEEG data were unusable for one of the placebo subjects at week 1 and for one of the medication subjects at week 4. Subjects randomized to venlafaxine vs placebo did not differ statistically with respect to age, gender or education (Table 2) . Figure 2 shows mean side effects across time for venlafaxine and placebo groups. No significant group differences were observed at end of placebo lead-in. In the examination of postrandomization side effects, the repeated measures ANOVA resulted in a significant group effect (F (1,22) 
Mean Side Effects in Venlafaxine and Placebo Groups
Brain Function and Side Effect Burden
Baseline measures of regional cordance did not differ significantly between treatment groups. No significant correlations were found between baseline cordance measures and side effect burden. Although there were trends toward associations between regional cordance measures at baseline and postrandomization side effect burden in the placebo group, these correlations did not reach statistical significance after correcting for multiple comparisons.
Changes from baseline cordance correlated significantly with side effect burden (mean number of side effects per There were no significant demographic differences between subjects randomized to venlafaxine or placebo.
postrandomization visit) in the venlafaxine group but not the placebo group. Of the eight brain regions examined (Table 1) , only changes in the group of channels overlying the prefrontal region (Fp1, Fp2, Fpz; Figure 1 Because medication side effect burden was associated with decreases in prefrontal cordance occurring both during placebo lead-in and after start of medication, we used multiple linear regression analysis to determine the relative contributions of pre-vs postrandomization changes in prefrontal cordance in explaining variance in side effect burden. Specifically, we sought to determine whether the decreases in prefrontal cordance observed during treatment with medication would contribute to the model after accounting for prefrontal change at lead-in. Linear regression using forward stepwise entry revealed that, after entering prefrontal change at end of placebo lead-in, neither the two-week nor the four-week postrandomization correlation entered the model. The model, using only the prefrontal change at end of lead-in, was significant with R 2 ¼ 0.58; F (1,10) ¼ 13.71, p ¼ 0.004. Figure 3 shows topographic changes in cordance at end of placebo lead-in for venlafaxine subjects in the top (n ¼ 5) vs bottom (n ¼ 4) quartiles of side effect burden.
DISCUSSION
To our knowledge this is the first report of neurophysiologic changes related to medication side effects, and the first report of an association between neurophysiologic changes during placebo lead-in and a later drug-related outcome.
Changes in prefrontal brain function occurring at the end of placebo lead-in, prior to the administration of medication, were associated with later side effect burden in healthy subjects randomized to venlafaxine. Neurophysiologic changes during placebo lead-in were not related to side effects at lead-in; rather, the relationship to side effect burden emerged only after the administration of medication. As such, changes in prefrontal brain function during placebo lead-in appeared to indicate a susceptibility to developing medication side effects.
One question that arises regarding the reports of side effects in these subjects is whether the side effects were 'real,' namely, a pharmacodynamic effect of venlafaxine. In our study, the neurophysiologic changes associated with side effect burden in subjects randomized to venlafaxine appear to be more closely related to nonpharmacodynamic factors than to pharmacodynamic factors. Although postrandomization decreases from baseline prefrontal cordance also were associated with antidepressant side effect burden, brain changes at these time-points did not add explanatory power beyond the change at end of placebo lead-in. The correlations at 2 and 4 weeks after start of drug may have been a continuation of the prefrontal neurophysiologic changes at end of placebo lead-in that correlated with side effects.
One nonpharmacodynamic factor that may contribute to the reporting of adverse events is subject expectations. Experimentally-induced expectations have been shown to produce a wide range of adverse effects including asthmatic symptoms (McFadden et al, 1969) , allergic reactions (Jewett et al, 1990) , vomiting (Kissel and Barrucand 1964) , and hyperalgesia (Benedetti et al, 2003) after receiving an inert treatment. Even when expectations of adverse effects are not explicitly induced, healthy subjects often report side effects. A survey of 109 placebo-controlled medication trials found that 19% of healthy subjects receiving placebo reported side effects and this figure increased to 28% with multiple dosing (Rosenzweig et al, 1993) . Information provided in consent forms may explain some of the side effects reported by healthy subjects. A placebo-controlled clinical study of aspirin showed a six-fold increase in reports of gastrointestinal upset among patients whose consent forms specifically addressed the possibility of gastrointestinal irritation vs those whose consent forms did not make the reference. In all, 40% of those reporting gastrointestinal upset were taking placebo (Myers et al, 1987) . Classical conditioning also may contribute to subjects' expectations of side effects and may elicit conditioned responses that resemble medication side effects. Pharmaco-conditioning can occur when contextual cues surrounding drug administration come to be associated with the effects of the drug itself (Ader 1997; Siegel, 2002) . Among individuals with a history of medication side effects, subsequent medication administration procedures and associated stimuli may elicit conditioned responses in the form of similar adverse effects.
Other studies have shown that pretreatment expectations and personality traits are related to side effects reported in active treatment conditions. In cancer patients, for example, pretreatment expectations predicted postchemotherapy nausea independent of prior experience (Roscoe et al, 2000) . In an experimental paradigm, manipulation of drug effect information altered side effects in healthy subjects treated with a muscle relaxant (carisoprodol) or placebo (Flaten et al, 1999) . In relation to personality measures, higher scores on the neuroticism-stability scale of the Eysenck Personality Questionnaire-Revised (Eysenck and Eysenck, 1991) and the Somatasensory Amplification Scale (Barsky et al, 1988) were linked to greater side effect reporting among healthy subjects treated with an antidepressant (moclobemide) or placebo (Davis et al, 1995) . Personality factors that are related to side effect reporting may have a genetic basis; for example, neuroticism has been linked to variants in the serotonin transporter-linked polymorphic region (5-HTTLPR; Greenberg et al, 2000) . Personality factors also may overlap with expectations. Individuals scoring high on neurotic or hypochondriacal traits, for example, may be more likely to expect adverse side effects in an ambiguous situation.
Changes in prefrontal EEG theta have been linked to activity in the anterior cingulate cortex (ACC), an area that has been implicated in the expectation of pain (Sawamoto et al, 2000) and unpleasant emotional stimuli (Ueda et al, 2003) , and has been shown to have prognostic value for determining clinical response to antidepressant medications. In normal subjects, theta activity recorded from prefrontal surface electrodes has been positively correlated with activity in the ACC as measured by magnetoencephalography (MEG; Asada et al, 1999; Ishii, 1999) and positron emission tomography (PET; Pizzagalli et al, 2003) . Changes in prefrontal theta cordance specifically have been associated with perfusion in the rostral ACC (Brodman areas 24 and 32) as measured by PET (Leuchter et al, 2004) . In depressed subjects, pretreatment hyperactivation of Brodman areas 24 and 32 as measured by PET (Mayberg et al, 1997) and EEG theta (Pizzagalli et al, 2001 ) has been associated with antidepressant response. It is possible that the prefrontal placebo lead-in effect found in the present study reflects relationships among ACC activity, expectations and antidepressant medication effects.
Changes in prefrontal cordance during placebo lead-in might have reflected a number of nonpharmacodynamic factors that are associated with the reporting of adverse events, however we did not observe any association between brain functional changes and side effect burden in the placebo group. The lack of a finding in the placebo group may reflect the fact that placebo subjects did not report many side effects; subjects randomized to placebo reported significantly fewer side effects at every postrandomization visit than did those assigned to venlafaxine. The relationship between neurophysiologic changes during placebo lead-in and postrandomization side effect burden in the medication group suggests that brain changes at the end of lead-in may indicate a vulnerability to antidepressant side effects.
Several caveats are warranted in interpreting the present findings. First, it is unknown whether the adverse events reported during venlafaxine administration were actually medication side effects. There is a wide range of known side effects of venlafaxine IR and we did not make any determinations as to which adverse events should be considered 'true' side effects. Future studies could elect to focus on individual side effects of particular interest such as nausea or sexual side effects. Second, there may be important differences between our measure of side effect burden and side effect tolerability. We found that the four venlafaxine subjects who dropped out of the study due to adverse events were not among those in the top quartile of side effect burden. This suggests that factors other than the average number of side effects per visit (such as side effect type or severity) may be responsible for nonadherence. Changes in prefrontal function during placebo lead-in appear to be particularly sensitive to the reporting of side effects and may not reflect likelihood for treatment adherence. Third, our use of normal subjects raises the question of generalizability to clinical populations. Healthy subjects who participate in a study for payment may differ from depressed subjects who stand to benefit from treatment, and, changes in neurophysiologic function may be different between these populations. Lastly, due to the relatively large number of tests and small sample size, results of these exploratory analyses should be considered tentative until replicated. For example, although we corrected for the number of brain regional tests per timepoint, there remains the issue of correcting for multiple comparisons across time-points.
Changes in prefrontal brain function during placebo leadin may indicate a susceptibility to developing adverse symptoms during antidepressant treatment. Future studies should test this hypothesis in depressed subjects. If replicated, these results may add to our understanding of factors that contribute to side effects in the clinical setting.
